Introduction
Toxigenic Fusarium species are common pathogens of wheat, triticale and other cereals worldwide. Many of them attack a range of plants parts and stages, such as seedlings, heads, roots, stems and ears, resulting in severe reductions of grain yield, often ranging from 10% to 40% [1, 2] . Fusarium species have usually been associated with cereals grown in temperate climates, since these fungi require considerably lower temperatures than other fungal species (e.g. aflatoxigenic Aspergillus species) for optimal growth and mycotoxin synthesis. Which Fusarium species is prevalent also depends on other factors, particularly the amount of rain and temperatures at the stage of flowering, but also on agronomic factors, such as soil cultivation, nitrogen fertilization, fungicides, crop rotation, and host genotype [3] [4] [5] [6] . It appears that Fusarium graminearum is most common in moist-warm continental climates, such as Central and South-Eastern Europe [1, 2, 7, 8] . F. culmorum and F. avenaceum are found more often in maritime and cooler European countries [9] .
Less frequently occurring species include F. poae and F. sporotrichioides [10] .
F. graminearum has an epidemiological advantageit is able to produce perithecia and release ascospores. The production of ascospores is only possible when the soil moisture content is between 30% and 80%, and temperatures between about 7-10 and 15-20°C [11] . Fungi-colonized crop debris is one of the main sources of inoculum, as it provides a substrate for abundant sporulation during the next growing season. The mixture of maize, wheat and barley production, has increased the residue retention, especially when combined with the use of reduced tillage. This sets the stage for major epidemics of Fusarium head blight to occur on smallgrain cereals whenever the weather is favorable for disease development during flowering and heading stages [12] .
Seeds that are colonized by fungi display limited vigor and sowing value. The infection by Fusarium pathogens often disturbs or even completely inhibits seed germination [1] . Consequently, when cereal plants are infected with fungi, there is a risk of the contamination of the grain with mycotoxins and subsequent transfer to feed and food. From a global perspective, three classes of Fusarium mycotoxins are of particular importance in agricultural environments: zearalenone, fumonisins and a range of trichothecenes [13] [14] [15] [16] . Within the trichothecene group, deoxynivalenol (DON) is associated with growth inhibition. In livestock, the ingestion of DON can cause adverse toxicological responses associated with the inhibition of protein synthesis and the induction of apoptosis [17] . Another group, zearalenone (ZEA), has estrogenic properties and so may be an important etiological agent of intoxication in young children or fetuses exposed, with effects such as premature thelarche, pubarche and breast enlargement [18, 19] . Human exposure is either directly through foods of plant origin (cereal grain) or indirectly through food of animal origin (kidney, liver, milk and eggs). Because of the significant health hazard posed by Fusarium mycotoxins to both humans and animals, many countries have implemented legal regulations specifying maximum acceptable levels of these compounds in maize and small-grain cereals [20] . Thus, avenues for contamination need to be tightly controlled during processing and contents of mycotoxin throughout the entire food chain should be monitored as it affects human's health.
The aim of the study was to identify Fusarium species present in heavily infected heads of wheat grown under different climatic conditions in six localities of Poland during 2009 season, and to examine the association of mycotoxins in kernel and chaff fractions with the prevailing species. Finally, chemotypes and toxigenic potential of the representative set of isolates were analyzed with the aim of gene-specific DNA markers.
Experimental Procedures

Wheat samples collection
Wheat heads with visible Fusarium head blight symptoms were collected from 6 localities in Northern, Central and Southern Poland (Figure 1 ) in 2009 season just before harvest (July 2009). Heads originated from commercial fields or breeding plots where standard agricultural practices were applied including tillage, fertilization, chemical control of foliar diseases, etc. Number of collected heads depended on FHB incidence in certain localities. The late collection time was chosen to maximize the infection intensity and mycotoxin production in plant samples. After collection, heads were air-dried to prevent further fungal development and accumulation of mycotoxins.
Isolation and morphological identification
of Fusarium spp.
Representative scabby kernels from the diseased spikelets were plated on synthetic nutrient agar (SNA) medium in Petri dishes and the cultures were purified through several passages on potato dextrose agar (PDA) medium. Fusarium species were identified morphologically following procedures described in the manuals by Nirenberg [21] and Kwaśna et al. [22] , using an optical microscope (Olympus, USA) at 400-500 x magnification.
Molecular species and chemotype identification
Mycelia of 21 isolates grown on potato dextrose agar (PDA) were used for DNA isolation. DNA was extracted using a modified CTAB (Hexadecyltrimethylammonium bromide) method (according to Waśkiewicz and Stępień [23] ): after grinding the material with a pestle, a volume of 800 μL of the CTAB buffer with 0.4% of 2-mercaptoethanol was added, followed by 150 μL of chloroform-octanol mixture (24:1). The samples were then incubated in water baths for 25 min at 65˚C. of each dNTP and about 10 ng of template DNA. The complete list of primers used was given in Table 1 . PCR conditions were as follows: 98˚C for 30 sec, 35 cycles of (98˚C for 10 sec, 50-64˚C for 10 sec, 72˚C for 10-15 sec) and final extension at 72˚C for 1 min. Amplification products were electrophoresed in 1.5% agarose gels (Invitrogen, Paisley, UK) with ethidium bromide at 70V for about 2 h and photographed under UV light.
Deoxynivalenol, zearalenone and moniliformin (MON) quantification
Wheat heads were threshed manually and separated into two fractions: chaff and grain. Mycotoxins (ZEA, DON and MON) were analyzed in the fraction of winter wheat kernels as well as in the fraction of chaff. Finely ground material was extracted with acetonitrilemethanol-water (16:3:1, v/v/v) using 5 mL of solvent per 1 g of sample. The size of each sample depended on the head number collected in particular locality. From localities with low number of heads collected, the grain and chaff fractions of minimum three heads were pooled for extraction. Extracts were defatted with n-hexane (3×50 mL) and then concentrated. Half of the extract was used for moniliformin analysis, while the remaining part was used for DON quantification. The extract of MON was purified on a Florisil column. To analyze DON extracts were purified by filtration on a column according to the method described by Tomczak et al. [24] . Deoxynivalenol and moniliformin were quantified by high performance liquid chromatography (HPLC) using a Waters 2695 apparatus (Waters Division of Millipore, Milford, MA, USA) with a C-18 Nova Pak column (3.9 × 300 mm) and a Waters 2996 Array Detector (λ max = 224 nm for DON, while λ max = 229 nm for MON). DON was eluted from the column with a 25% water solution of methanol (flow rate 0.7 mL min . Quantification of ZEA was performed by measuring the peak areas at the ZEA retention time according to the relevant calibration curve (correlation coefficient r=0.9996). The limit of zearalenone detection was 0.003 mg g -1 , with the recovery in the range from 97 to 99%. The relative standard deviation (R.S.D.) value was below 1%. In order to confirm the presence of ZEA the Photodiode Array Detector was used.
Evaluation of weather parameters
Weather data were obtained through the website www.weatheronline.pl. Temperature and total rainfall were monitored for six localities in Poland were the samples were collected. Ten-day averages were recorded for March-September period of 2009 season (Figure 2) .
Weather data for Radzików originated from the weather station located at PBAI-NRI Radzików. Heads were collected from fields located up to 2 km from the station.
Results and Discussion
In total, 449 wheat heads with abundant Fusarium head blight symptoms were collected from six localities in Northern, Central and Southern Poland. Fusarium species incidence varied markedly between geographical locations. Therefore, the number of samples from individual locations differed significantly, making the results more difficult to interpret. Microscopic identification of conidia morphology revealed F. culmorum as the most often occurring species. In fact, F. culmorum frequency exceeded 80% of all infected heads in three of the localities studied, with the average being 72.1% overall ( Table 2 ). F. graminearum was second frequent (13.4% on average, though in Southern Poland it was the prevailing pathogen) and F. avenaceum was third (the average ranged about 12.5%, but could be also as high as 71.4% where few samples were collected). F. tricinctum and F. cerealis were found in single locations only. F. graminearum is regarded to be the most aggressive and toxigenic and world-wide distributed species, while F. culmorum is rather typical for temperate maritime and cooler climate [1, 27] . Nevertheless, both species are common in Central and Northern Europe. The frequency of Fusarium species on cereals in Poland varies because of the significant variation in weather conditions [5, 13, 15, 28] .
The incidence of wheat head infection by Fusarium culmorum found in the fields in Strzelce (82.1%), Radzików (81.2%) and Kondratowice (80.0%) was quite high compared to other recent studies: 60% in Poland (2007) [5] , 19% in Belgium (2007) [7] , in Croatia, 29% [8] or 43% in 2009 [13] . However, Goliński et al. [28] found F. poae (64%), F. tricinctum (15%), F. avenaceum (8%), F. culmorum (6%) and F. graminearum (4%) as the most common species infecting wheat heads in Poland. High incidence of F. avenaceum in Dębina ( Table 2) was related probably to the geographical locationcooler weather conditions are usually favorable for this species [10] . However, this species was also found at high frequency in Kobierzyce (Southern Poland), though the total sample number originating from this locality was very low (14 heads). In two locations in Central Poland -Radzików and Strzelce, similar weather conditions reflected similar species spectrum (Tables 2 and 3, Figure 2 ). This, however, was not the case for F. culmorum in Kondratowice, despite similar conditions to those present in Kobierzyce (Table 2) . One possibility for this inconsistency is an extremely susceptible plant [29] . It seems likely, that F. graminearum requires less water than the remaining species to develop FHB symptoms, as it was a prevailing pathogen in Kraków, a location with significantly lower rainfall than the others (Table 3) . Weather conditions in June, July and August (during flowering and ripening of wheat) are critical for the development of FHB. In June the optimum temperature for the natural infection of spikes by Fusarium spp. should not drop below 18-20°C and large amount of rainfall is necessary during the full flowering stage and just after flowering. Such conditions allow the infection to develop and spread along the ears [12, 14] .
Moniliformin (MON) was found in low amounts in all samples with F. avenaceum present and all chaff fractions but one contained more MON than the corresponding grain sample (Table 4) . No differences between localities were recorded concerning MON contamination. Similarly, zearalenone (ZEA) contents in samples infected by F. culmorum and F. graminearum were found to be low, especially when compared with the literature data [30] and there was no clear correlation between the level of ZEA in grain and chaff fractions (Table 4) .
Deoxynivalenol (DON) was found in higher concentrations relative to MON and ZEA. Grain samples infected with F. graminearum collected in Radzików contained 76.7 mg g -1 of DON (Table 4) . F. culmorum-infected heads from Strzelce contained the highest levels of DON among all samples tested. These localities (Central Poland) had the highest temperatures in July and August (Table 3 ) but also high rainfall in July. These conditions are typlically associated with high DON accumulation.
The amount of Fusarium mycotoxins in grain is a climate-dependent trait [4] . Particularly, the temperature plays an important role in FHB incidence, from the infection of wheat heads to the production and dispersal of inoculum: minor temperature changes may influence the subsequent incidence and severity of the disease 
. In studies conducted in Belgium in the years 2003-2009 a strong correlation was observed between the number of days with high relative humidity (above 80%) and mean annual DON content [31] . Twenty-one Fusarium spp. isolates obtained from representative wheat head samples were subjected to molecular species identification using DNA markers. The markers were designed to detect specifically F. avenaceum, F. cerealis, F. culmorum, F. equiseti, F. graminearum, F. poae, F. sporotrichioides and F. tricinctum. Only five species were identified in the sample-set tested and F. culmorum was the most prevalent species (Table 5) . One sample (signed as 577) contained the DNA of two species: F. avenaceum and F. cerealis most likely a result of infection of this particular sample with the two species. Furthermore, the chemotypes of the 21 fungal isolates were examined using gene-specific PCR markers. All but one amplified PKS4 and PKS13 genes specific for ZEA-producers. The ability of the pathogenic species to synthesize ZEA was actually confirmed by mycotoxin data ( Table 4) , though the toxin levels were low in all the samples tested. The use of PKS-specific markers to identify the ZEA chemotype was already utilized in the studies of natural populations of F. culmorum and F. equiseti [32, 33] . Also, the DON chemotype was found to be widespread -17 of 21 isolated were confirmed to amplify the marker fragment. Among the DON-negative isolates, using two markers, aimed at amplifying the portions of the TRI13 and TRI7 genes, it was possible to confirm the nivalenol chemotype of three isolates: one of F. culmorum, one of F. cerealis and one of F. graminearum (Table 5) .
Twelve isolates displayed the 3Ac-DON chemotype, based on the TRI3 gene-specific marker. Of samples that gave negative results, one was non-trichothecene producing F. tricinctum, three were defined as NIV chemotype, and the remaining five samples possibly represent the 15Ac-DON chemotype. Esyn and beas markers allowed to identify the potential enniatin/ beauvericin producing species -F. avenaceum and F. tricinctum. Though these mycotoxins were not quantified in the field samples, it seems highly likely that the samples infected with both species would contain either beauvericin and/or enniatin analogues [34] . The prevalence of the 3Ac-DON and 15Ac-DON chemotypes among the members of F. culmorum and F. graminearum populations, respectively, has actually confirmed the previous findings for Polish wheat samples [13, 44] , though a possible shift towards more aggressive chemotypes may be expected in F. graminearum populations, as described in North American conditions [45] .
Host resistance is one factor affecting FHB levels, and growing susceptible cultivars often increases both the Fusarium incidence and levels of mycotoxins accumulated in the harvested grain [5, 16, 25] . Many loci conferring resistance against various fungal pathogens have been identified and introduced into wheat cultivars [46] . However, the influence of environmental factors often prevails over the influence of resistant genotypes. Furthermore, mycotoxin accumulation is proposed to be markedly affected by seasonal types of crops [47] .
Knowledge of environmental factors influencing the infection process and subsequent disease development is essential for assessing the potential risks and for developing efficient disease management strategies. There is little doubt that the most important environmental factor that limits FHB development is moisture [12] . Only traces of mycotoxins were found in 32 grain samples of winter cereals harvested in Lithuania in 2006 -a year with extremely dry weather [45] . The weather conditions were absolutely unfavorable for the spread of Fusarium infection, despite deoxynivalenol and zearalenone occurring in 90.6% and 62.5% of the samples tested respectively. In 2007, when moisture levels were high throughout the entire growing season, the contamination of wheat samples with mycotoxins was significantly higher [47] . Particularly interesting was the higher concentrations of MON in chaff fractions than in the corresponding grains infected by F. avenaceum. This finding supports recently published data for enniatins produced by this species [48] . Generally, similar regularities have not been recorded for ZEA or DON [13] . Šlikovà et al. [49] investigated the content of DON in 139 wheat samples from maize, sugar beet and potato growing areas of Slovakia between 2004 and 2006. The limit specified by the EU (1.25 µg g -1 ) was exceeded in 9.3% of the samples from the maize growing area, in 5% of samples from the sugar beet growing area and in 14.3% of samples from potato growing area. Investigators found a positive correlation between Fusarium mycotoxin content and rainfalls, and a negative correlation between the content of deoxynivalenol and the temperature [49] .
Overall, in 2009, F. culmorum was the prevailing pathogen causing FHB in Poland. However, in cooler localities F. avenaceum incidence was higher, while in warmer areas, F. graminearum was more common. Variation of weather conditions did not influence the contamination of wheat grain with moniliformin and zearalenone, while deoxynivalenol contents were considerably higher in Central Poland, where the temperature and total rainfall during July and August were above the average.
